The stack bearing consists of 2 magnetic bearings, a motor/generator and 2 backup ball bearings as shown in Fig. I. .
One requirement for the flywheel is that it must have a large enough height to house the componentsshown in Figure I . Based on the sizing of the 300 WHflywheel system, the minimumcomponentheights for the 500 WHsystem is 4.50 inches (11.4 cm).
Flywheels incorporating 4", 5" and 6" (10.2 cm, 12.7 cm and 15.2 cm) magnetic bearings were analyzed and designed using the FLYANS2, FLYSlZE, and MAGBER computer programs. MAGBER developed at UMCP was used to determine the bearlng's axlal-load carrying capability.
The results of design runs for flywheels using 4", 5" and 6" (10.2 cm, 12.7 cm and 15.2 cm) diameter magnetic bearings is summarizedin ref. I.
As mentioned before, centrifugal forces cause the inner radius of the flywheel to expand at high speeds (called air gap growth). FLYSIZEdetermines this expansion at the low and high operating speeds of the flywheel and reports these numbers to the user. Through iterative design runs using FLYANS2 and FLYSlZE, one can meet the air gap condition as well as achieve a high SED. The 500 WHdesign yielded a SED value of 19 WH/LB(42 WH/Kg)and an air gap growth between lower and upper operating speeds of .015 inches (0.381 mm).
MAGNETIC BEARING TECHNOLOGY
The magnetic bearing for a 500 WHenergy storage system was designed to support a 2-g axial load without loss of suspension. An additional goal was to achieve a certain permanent magnet radial stiffness, Kx, and current-force sensitivity, KI. Design values for Kx and KI were assumedbased on maintaining suspension control system performance similar to past UMCP magnetic bearings.
Based on the UMCP 3" (7.6 cm) laboratory model, KI was taken to be one hundredth the value of Kx in Ib/amp. Thus, for the 500 WHdesign, KI was chosen to be 56 ib/amp, while the value of Kx was chosen as 5600 ib/in (1002 kg/cm) with a flywheel linear excursion range [around a uniform air gap] of ±.01 inches (_0.254 mm). Knowing the desired system axial-load carrying capability, Kx, KI, and minimum current, the following physical and magnetic properties of the bearing are then determined using the MAGBER design program:
Stator radius, Air gap, Permanentmagnet (PM) area, PMthickness, PM operating point, Leakage Permeance,Air gap Permeance,Air gap Flux and flux density, Coll turns, Coil wire size and Axial Drop.
The sizing of the magnetic bearing involved an iterative process via computer simulation using the program MAGBER.Magnetic circuit permeances, fluxes, and flux densities were computed for trial physical dimensions (i.e., pole face thickness, gap distance, axial drop, magnet area, magnet length) and material magnetic properties of the bearing. The operating flux density of the permanent magnetswas also derived. Kx, KI, coil turns (N), and axial-load carrying capability (W a) could then be determined using the computedmagnetic circuit parameters.
Based upon the trial dimensions pole face thickness and air gap distance was increased to avoid saturation in the iron material (which limits the amount of useful flux that crosses the suspension air gap). The flux density within the Fe material should not exceed the value of 1.5 teslas or saturation will occur. The maximumflux density of the iron material was determined by computing the flux density at the thinnest portion of the flux plates -i.e., at the pole faces. MAGDESIGN (a program developed at TPI for this project) was used to determine saturation conditions for various displacements of the flywheel.
The object was to remain at an unsaturated condition within the operating gap range of the suspension control system.
SUSPENSION CONTROL SYSTEM DESIGN
The design goal for the suspension control system for the 500 WHenergy storage system was to design a control system which would keep the flywheel suspended under static and dynamic loads. To withstand static loads (in this case a 2-G radial load), a system gain was selected which provided a steady state active stiffness sufficient to satisfy the required operating excursion range of the flywheel.
Nearly all of the electronic component values from previous UMCP laboratory suspension control systems were used in the design of the 500 WHcontrol system. schematic of the control system for the magnetic bearing is shown in Figure 3 .
A The input reference voltage was determined to be within the range of 0 to +I5V, which was the range used in past systems. The maximum operating current was used to size the coll wire and the power amplifiers.
To minimize the control current and yet maintain the samesteady state active stiffness the current-force sensitivity KI was increased and the adjustable reference voltage was reduced by the sameproportion. By increasing KI the amount of coll turns needed for design was increased. For a value of RI7 = II k_ and KI = 56 ib/amp (25.5 kg/amp), N was computed to have a value of 825 turns/coll with a maximum operating current of 10.12 amps. KI was then increased by a factor of 2.5 to reduce the coll amperageto 4.05 ampsand reduce the variable resistance to 4360 _. This resulted in a KI value of 140 Ib/in (25 kg/cm) and a turns/coil value, N, of 2100 turns. The modified values were used for the 500 WHdesign.
The final parameter that was determined for the suspension control system was the compensation network time constant, T. This parameter influences the damping of the system. For the 500 WHsystem, it was desirable to maximize the damping so as to limit the flywheel excursions due to mass unbalance. To maximize system damping and minimize dynamic loading effects, an optimum value of T was selected. To optimize T, root locus plots and Bode plots were used and the results are shown in Ref. I.
For the 500 WHsystem, a value of T = .0016 sec was chosen to minimize the amplitude of response and maximize damping. This called for a capacitance value of .016 _F in the compensation network of the control system (keeping the resistance the sameas previous values of past systems).
Based upon experience gained in designing the control system shown in Figure 3 , a modified version of the control system, as shown in Fig. 4 , is being currently investigated for use in the 500 WHsystem.
MOTOR/GENERATOR DESIGN
The motor/generator design for the 500 WHsystem is based upon a permanent magnet, electronically commutated, 3 phase machine, shown conceptually in Fig. 5 . Several improvements in the conceptual design have been incorporated into the 500 WH system, and these are shown in Fig. 6 .
The first step in design was to determine power, voltage, and armature current variation during the charge cycle of the motor and the discharge cycle of the generator.
It was assumedthat the bus of the motor receives a constant power of 650 watts from the solar array at 150V+ 2%DC. This happens during the time span of an hour. Since motor voltage is proportional to flywheel speed and flywheel speed was chosen to vary by 50%, a motor voltage profile varying from 70V to 140Vwas used in the design. (This assumeda voltage drop of 10Vduring transfer of energy from PV array to flywheel motor).
Armature current variation (per phase) was determined by dividing the time equation of power by the time equation of voltage. At the beginning of the charge cycle, the armature current/phase was computedto be 3.1 ampsand at the end it was computed to be 1.4 amps. A proportional discharge cycle was assumedsuch that over 21 minutes, the generator discharges at a low power of 625 watts and over the remaining nine minutes the generator discharges at a high power of 1875 watts. All together, the generator delivers II00 watts over I/2 hour equal to 550 WH. 500 WH actually gets to the satellite power system due to energy losses in the power electronics.
(This was a previously mentioned design goal). The voltage variation of the generator is linear from 140V to 70V, but it varies at two different rates due to the change in power delivered.
It was determined that the maximum current in the armature per phase is 8.93 amps/phase. This maximumcurrent (which exceeds that of the motor) is used to design the coils in the armature. In the proposed motor/generator, the rotating ring will be replaced by a stationary ferrite ring glued onto the inside periphery of a stationary ironless armature. The outside rotating ring assembly is madeup of PMmagnets and is attached to a soft iron backing ring.
An 8-pole machine is proposed using a delta-connected winding operating at 4000 Hz maximumfrequency. The dimensions of the device are constrained by the size of the flywheel and the magnetic bearing. For the 500 WHdesign, the outside radius of the soft iron backing ring could not exceed the inner radius of the first composite ring of the flywheel.
A 2 in. packaging height was a design goal. The gap distance between PM's and armature coils needed also to exceed the gap distance of the magnetic bearing. Based on these constraints, PMsize and armature coil configuration and size were determined.
Of further interest is the determination of energy losses within t_e armature and also within the power electronics of the device. Armature loss (31_max R) was computed to be 2.11 watts while the loss due to the ferrite ring was determined to be negligible (less than one watt).
Most of the other losses for the 500 WHenergy storage system were kept the sameas or scaled up from the 300 WHdesign. The  proposed  design  of the  500 WH  magnetically  suspended  flywheel  energy  storage   system is shown in Fig.  7 . The  specifications  of the  entire  system  is summarized  in   Tables  I and  2 . 
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